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ABSTRALT: A versatile screening algorithm capable of efficiently
searching liquid chromatographic/mass spectrometric data for
unknown compounds has been developed using a combination of
open source and generic computing software packages. The script was
used to search for select novel polyfluorinated contaminants in Great
Lakes fish. However, the framework is applicable whenever full-scan,
high-resolution mass spectral and chromatographic data are collected.
Target compound classes are defined and a matrix of candidates is
generated that includes monoisotopic mass spectral profiles and likely
fragmentation pathways. The initial calibration was performed using a
standard solution of known linear perfluorcalkyl acids. Once validated,
Lake Michigan trout data files were analyzed for polyfluoroalkyl acids
using the algorithm referencing 3570 possible compounds including
C,~C, perfluoro- and polyfluoroalkyl, polyfluorochloroalkyl acids

and sulfonates, and potential ether forms. The results suggest the presence of 30 polyfluorinated chemical formulas which have
not been previously reported in the literature. The identified candidates included mono- to hexafluoroalkyl carboxylic acids,
mono- and trifluoroalkyl carboxylic acid ethers, and novel polyfluoroalkyl sulfonates. Candidate species identified in lake trout
were qualified using theoretical isotopic profile matching, characteristic fragmentation patterns based on known linear
perfluoroalkyl acid (PFAA) fragmentation, and retention time reproducibility among replicate extractions and injections. In
addition, the relative retention times of multiple species within a compound class were compared based on theoretical octanol—

28 water partition coefficients.

20 B INTRODUCTION

30 Perfluorinated and polyfluorinated compounds are ubiquitous
31 and considered persistent, and potentially harmful to the
32 environment."” Perfluorooctanesulfonate (PFOS) and per-
33 fluorooctanoic acid (PFOA) have been identified as persistent
34 organic pollutants in the Stockholm Annex B.* Recently, Cq
35 chemistries have been phased out in North America® and a
36 proposal to ban the use of PFOA-like substances in the
37 Buropean Union” has been issued. However, significant
38 quantities are still produced in Asia® along with alternative
39 compounds such as tetrafluorcheptafluoropropoxy propionic
40 acid (HFPO—DA).7 Historically, long-chain, linear perfluor-
41 oalkyl carboxylic acids (PFAAs) and sulfonates (PFAS) have
42 been monitored in the environment and PFOS and PFOA are
43 typically the dominant contributors to the isomeric distribu-
44 tion.” Studies since early 2000 have shown the presence of
45 PFAAs and perfluoroalkyl sulfonates (PFSAs) in household
46 dust at 10—-100 ng/ g,z’g and human serum worldwide in the
47 ng/mL range."""w

48 The physical and chemical properties of the —CF,—
49 backbone provides significant thermal stability and both water
s0 and oil repellency.” These characteristics are highly desirable for

A{:g Pub,i{:a‘f:i@ﬂg © XXXX American Chemical Society

aviation hydraulic fluids, firefighting foams, pesticides, metal s1
plating, electronic devices, mining, carpets, textiles and s2
upholstery, paper and packaging, coating and coating s3
additives,'" driving the need to replace regulated substances s4
with novel chemicals with similar properties. Recent raw ss
material degradation and end-user product studies have s6
identified a complex array of perfluorinated compounds s7
including polyfluorinated ethers, n-ethyl perfluorcoctane ss
sulfonamido acetic acid, and fluorotelomer acids.'”"* 59

Typical analytical methods use ultrahigh-performance liquid 6o
chromatography (UPLC) equipped with triple quadrupole &
mass spectrometry (TQ).”"* The high sensitivity and the use of &
multiple precursor/product pairs provide a robust method for 63
targeted analysis. Recently, a quadrupole time-of-flight mass 6+
spectrometer (QToF) coupled to a UPLC was used to quantify s
trace-level (ng L™') concentrations of polyfluorinated acids.’>
In this method, the authors developed a data independent MS/ 67

Beeeived: March 17, 2016
Revised:  July 31, 2016
Accepted:  August S, 2016

DOk 181821 /2es eet5hi 1 348

Environ. Sci. Technol. XXXX, XXX, XXX—XXX

ED_002974_00001434-00001



Environmental Sclence & Technology

68 MS workflow that continuously collected both precursor and

6
7
7
7

7

74 linear ion traps.
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o product ions (alternating low and high energy channels) with
o mass accuracies greater than 0.01 Da. Alternative high-
1 resolution mass spectrometers have been employed for

72 perfluorinated compound analysis including Fourier transform
73 ion cyclotron resonance mass spectrometry (FTICR)" and

' Both techniques allow for exact mass

5 identification and the use of mass defect filtering analyses to
6 better visualize the data. Liu et al."" analyzed wastewater from a
7 fluorochemical manufacturing park in China with an HPLC-

78 LTQ-Orbitrap-MS and detected 36 compounds consisting of
79 polyfluorinated sulfates (C,F,,,;H,,S0,"), chlorine substituted

o perfluorocarboxylates (CIC,F,,CO,”), and hydro substituted
1 perfluorocarboxylates (HC,F,,CO,"), but it is unclear whether
2 the observed species were ether cleavages or byproducts from
other unidentified polyfluorinated compounds.’®

o8]

84  High-resolution mass spectral data sets can utilize measured

8
8
8
8
8
o
9
9

s mass defects (difference between the exact and nominal mass)
6 of a species for classification purposes."*"~* This technique
7 has been used to elucidate polyﬂuoroalkyl compound classes
generated from the thermolysis of polychlorotrifluoroethylene
9 (PCTFE)," in groundwater impacted by aqueous film-forming
o fire- ﬁghtmg foams,” and industrial wastewater.'

1 Hilton®™ developed an algorithm utilizing 2-Da isotopic
2> clusters of compounds containing halogens for GC X GC-ToF-
3 MS data. Strynar et al.*’ applied isotopic profile matching in

@

94 addition to accurate mass determination and successfully

NS

~J

identified three classes of mono- and polyether perfluorinated
¢ compounds in surface water collected in North Carolina, USA
using Time of Flight (TOF) data. Identifications were based on
s the presence of protonated and sodiated dimer species. The
9 nontypical ionization observed illustrates the need for
o comprehensive qcreening strategies in environmental samples.
| Schymanski et al.”* performed a comprehensive nontarget
» analysis of water from River Danube in 18 institutes from 12
s European countries using different sottware packages. In total,

e

104 they identified 649 unique compounds as targeted, tentative, or

11
11

11

s nontargeted compounds.

s Lake trout have been used as bioindicators of the health of
7 the Great Lakes region for decades as part of the US.
s Environmental Protection Agency’s Great Lakes Fish Monitor-
9 ing and Surveillance Program (GLFMSP). 7% Recently, the
o program has adopted a proactive role in identifying new
chemicals of concern by using scanning, high-resolution mass
2 spectrometers to generate searchable chemical fingerprints of
biological samples.”® The current filtration approach utilizes

-

=3

%)

114 high-resolution mass spec data files converted into a MATLAB

115

11
11
11
11
124
12
12
12,

compatible format. The search algorithm references a user-
generated candidate compound matrix (or library) consisting of
7 a comprehensive linear combination of elements. Boundary
conditions for each element type and number are used to detect
9 chemical compound classes (perfluoro-, polyfluoro-, mixed
halogenated, acids, ethers, sulfonates) and class configurations
(i.e., tings, units of unsaturation, per/polyfluoroalkyl chains). In
» this work, Lake Michigan lake trout mass spectral data files
were explored for novel polyfluorinated compounds, matching

[= NV

o

=

o5}

124 experimental spectra with potential candidate compounds.

12,
124

s Once identified, a series of tests, including retention time
¢ reproducibility and fragmentation, were used to qualify
7 candidate peaks.

B EXPERIMENTAL SECTION

Sample Preparation. The algorithm was applied to
archived lake trout data files generated using a recently
developed hybrid targeted/ nontargeted method for measuring
long-chain perfluorinated acids.’® A brief description of the
sample processing methodology and instrumentation, a Waters
Acquity UPLC equipped with a Waters Xevo G2 QToF in MS®
mode, can be found in the Supporting Inforration.

Candidate Compounds. The search algorithm was
initialized using a candidate molecular formula matrix
containing species recently discovered from ﬂuoropolymer
thermal decomposition," present in 1ndustrlal wastewater,' >’
and discharged into the environment.”" Species considered had
the following molecular formula:

C.OF,CLH,S,

The subscripts ¢, o, f, cl, h, and s indicate the number of each
element in the candidate compounds with ¢ ranging from 4 to
10, o0 being 2 for carboxylic forms, 3 for carboxylic ether, and
sulfonate forms, and 4 for the ether sulfonate form. The
summation of variables f, ¢/, and h was set so that all carbon
atoms were fully saturated and the compound was deproto-
nated (negative ESI mode was used). Therefore, only parent
ions ([M — H]7) of the candidate compounds were initially
sought. This molecular configuration resulted in 3570
compounds assuming there were no z bonds between carbon
atoms as these were deemed to have a low likelihood of being
present in these biological samples. The current search method
yields a narrow range of the compound classes likely to be
present in the sample (Table 5.1). However, the candidate lists
within a compound class are comprehensive. Additional
elements such as N, P, and Br could also be added to the
seed molecular formula, but were not included in the current
screening.

Candidate Compound Spectra Matrix. Once the
candidate atomic composition had been identified, the
theoretical isotopic distribution of each compound was
calculated using the statistical approach developed by Yergey.**
The relative abundances of all isotopic combinations were
calculated as follows:

m -«

i=number of elements

RA =
(n

where RA indicates the abundance of an isotopic combination
for the candidate molecule, and A, indicates the abundance of
elements of i in the molecule

A= W(f) () (1)

a+b+c+ .=

2)
(3)

where 7 is the number of a given element { in the molecule, and
a, b, and ¢ indicate the possible combinations of the isotopes of
the element of i. r,, r;, and r_ are the isotopic compositions of 4,
b, and ¢ respectively.

To calculate the relative intensity of abundant isotopic
combinations, the following equation was used:

RA,
[ = ———— x 100%

max{RA} (4)

where I is the theoretical intensity of a given isotopic
combination.
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Figure 1. Flowcharts of the (a) screening algorithm and (b) matching function.

The atomic mass and isotopic compositions of the elements
used in this work are shown in Table 5.2. On the basis of these
equations, theoretical m/z and corresponding relative inten-
sities for the isotopic distribution of each molecule were
calculated (for example, see Table 5.5.). Theoretical isotopic
intensities less than 4% were not considered significant for
candidate matching and were excluded from the candidate
library.

Masses of specific isotopic combinations can be very close
and form a cluster of peaks in a mass window less than the mass
accuracy of the instrument. For example, the mass difference
between '*CgF,* CI’*§'°0,~ (516.8969 Da) and

3 PCeF,7CI*S10,™ (516.8972 Da) is 0.3 mDa (more details

are provided in Supporting Information, Tables 8.3 and S4,
and Figures S.1 and S.2). To overcome this issue, each peak
cluster was merged into a single peak using the rectangular
mass window method that is independent of individual
intensities.” An arbitrary initial n1/z point was chosen and an
interval was applied in a repeating manner across a desired m/z
range (Figure S.1). Signals within the interval were then
merged into a unique signal using eqs $ and (6). In this work,
the monoisotopic mass was chosen as the arbitrary initial m/z
point and the interval was set equal to the instrument accuracy.

The total abundance of the individual peaks in each cluster
was considered the abundance of the merged peak, with the
molecular weight calculated from the weighted average of all
peaks in the cluster.

number of peaks

in the cluster

RA,

cluster = i

=1 (s)

208

number of peaks

z in the cluster

i=

RA, X MW,

MW =

cluster (6)

Candidate List Screening. MassWolf” was found to be
more compatible with MS® mode data configuration and was
chosen over the more commonly used ProteoWizard™ (version
3.0.7414) to convert raw instrument files (MassLynx, Waters,
Milford, MA) to the MATLAB compatible mzXML formats.
Data were collected using multiple energy channels by the
instrument, therefore, a MATLAB script beyond the
preprogramed mzXML convertor function in the MATLAB
bioinformatics toolbox was needed to import and search each
data file.

Two scripts labeled Screening Function and Matching
Function (Figure 1), respectively, were developed to find
theoretical m/z values within the instrament’s mass accuracy 222
range (<5 mDa or 10 ppm for PFOS) for all candidate
compounds (MATLAB functions are available in Supporting
Information). In many cases, multiple experimental m/z value
matches were detected for a given isotopic combination
(compound) at different retention times. To identify the
group or cluster with the best experimental match, the

cluster
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Figure 2. Intensity versus retention time for each scan time of C;F;H, O, illustrating the peak fitting selection criteria for including candidate
compound in the “found” list for samples A, B, and C. (a) Isotopic profile match for [M — H] ™ and presence of [M — CO,] " at both low and high
energy channels at same scan; (b) isotopic profile match for [M — H]~ and presence of [M — CO,] ™ in only the low energy channel of the same

scan; {c) isotopic profile match for [M — H]™.

229 intensities of all identified experimental m/z were normalized
230 by the intensity of the highest isotopic abundances for the
231 candidate compound potentially matching the m/z duster.
232 Thus, the number of potential matching mass clusters is a factor
233 of the number of the experimental m/z values that match the
234 highest intensity isotopic combination. The objective tfunction
235 below was minimized to select the best match of experimental
236 peaks in a spectram.

number of isotopic

combinations I

OF = Z exp Ithel

237 i=1 \Y Ithe (7)

233 This objective function was based on the minimization of the
239 relative intensity error of each experimental mass cluster.

Retention Time Determination. Within an analysis, there 240
may be m/z peaks matching a candidate peak at multiple 241
retention times. A higher intensity for a given m/z match alone 242
does not constitute a correctly identified peak. Therefore, in the 243
current identification method, the retention time was selected 244
based on the isotopic pattern of the [M — H]  ion, the s
presence of [M — CO,]” ion for polyfluoro carboxylic acids in 246
both the high and low energy channels, and if the most 27
abundant isotopic combination (highest intensity) form a s
reasonable chromatographic peak shape (similar to that shown 29
in Figure ). If histograms of at least three consecutive scan 250 2
numbers resembled peak shapes through visual inspection, the 251
cluster of histograms was called a peak. As seen in Figure 2Zc, 252
this technique potentially resolved three peaks that may as3
correspond to conformational isomers of C,,F;H,,0; . 254
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The retention time finder algorithm employed the following
criteria: select the retention time that the highest intensity
occurs, and maintain an ascending trend for log K, versus
retention time

The retention time of a candidate compound was determined
in a three-step process as illustrated in Figure 2. After detecting
the isotopic profile match, files were screened for potential
retention times where [M — CO,/SO,]” ions were present in

3 both the low and high energy channels (Figure 7a). If these

peaks were not found, files were screened for [M — CO,/SO;]”
ions in only the low energy channel (Figare 2b). If this match
also did not occur, only isotopic profile matches were used to
identify the retention time (Pigure 2c).

As candidate peaks were selected using isotopic profiles, a
molecular conformation was generated based on probable
structures assumed above. An input SMILES (simplified
molecalar-input line-entry system) was then generated and
entered into the U.S. Environmental Protection Agency EPI
Suite v4.11 (www.epngav/oppt/exposurs/ pubs/episuitad],
htm) to calculate theoretical octanol—water partitioning
coefficients (K_,,) of the protonated form. Several assumptions
were made in generating the input SMILES for unknown
compounds, including a linear molecular configuration,
carboxyl and not ester functionalities when two or more
oxygen atoms present, trifluoromethyl groups when three
fluorine atoms present, fluorine atoms populate the alkyl end of
the linear molecule, and ether groups present in the middle of
the molecule.

Retention time reproducibility (0.1 min) among replicate
injections and relative retention time vs log K, was then used
to discriminate between noise and candidate compounds.
Generally, increasing log K, results in increased retention
times for a reversed-phase system. In addition, an ascending
trend of log K, versus retention time relationship should be
observed within a compound class. The chromatographic
behavior of the labeled PFAAs added prior to the previous
targeted analyses was used as a retention time/log K, trend
reference for the current chromatographic method. Although
pK, can affect the retention of acidic/basic species in reversed-
phase LC systems, the calculated pKs for the species observed
did not vary using the above assumptions (SPARC,™ Table
5.7) and were excluded from the selection criteria. Standards
and blanks processed as part of the targeted analysis were used
to remove background.

Polymers with nonfluorinated carbon backbones and
perfluoroalkyl side chains might be potential precursors of
PFAAs.”* Hence, standard solutions of PFAAs and PFAS were
analyzed to ensure that the detected compounds were not the
result of impurities or potential in-source products from the
isotopically labeled PFAAs and PFAS added to the fish extracts.
Spurious m/z within an instrument run is not uncommon when
searching for low level contaminants in raw spectra. In this
study, fish were extracted in triplicate to evaluate sample-
specific contamination, and each extract was injected 3 times to
ensure detected m/z were not the result of instrument noise.

B RESULTS
Method Validation Using PFAA and PFAS Standards.

2 Calibration solutions containing 13C and native PFAAs were

used to test the algorithm (Table 5.4 and Pigure 5.3). The
maximum absolute intensity error of the isotope model and
maximum measured mass error were observed for perfluor-
ohexanesulfonate at 9.25% and ~4.5 mDa, respectively. The

average absolute error of the isotope model was 1.48%. The

positive relationship between the retention time and log K, :

(derived from EPI Suite™) is shown in Figure 5.4a. Expected
isotopic patterns for the [M — H] ™, and the [M — CQ,]” ions

for PFAAs and [M — SO,]” ion for PFBS at the same retention :

time in the low energy channel were also identified.
The instrumental mass accuracy threshold was set at 5 mDa

(10 ppm for PFOS) based on measured mass error of standard :

solutions. A maximum intensity error among isotopic
combinations for nonchlorinated and chlorinated compounds

was set to 5% and 20%, respectively. The higher acceptable 327

intensity error for chlorinated compounds was used since they
have more diverse isotopic combinations in each isotopic

distribution. Features with intensity errors above these :

thresholds were excluded.
Application to Biological Matrices. Archived data files

from three different 2011 Lake Michigan lake trout extracts that 333

had been analyzed in triplicate were examined with concurrent
laboratory blanks. If a candidate satisfied the selection criteria

mentioned above, and occurred within a 0.1 min retention time :

window for each replicate injection, the compound was
assumed to be present in the sample. The experimental

retention time was determined using histograms similar to :

Figures Ta, b, and ¢ based on the average retention times and

intensities. As expected when analyzing a complex biological :

matrix, elevated noise levels were observed so an absolute
minimum jon intensity of 500 for the most abundant isotopic

mass was applied to improve the signal-to-noise ratio of 3

candidate molecules. Identified candidate retention times versus
log K,,, were plotted for each sample (Figare 5.3.). If multiple
matching isotopic profiles were present for a compound, the
retention time that made the most sense chromatographically

was selected.

Identified Molecular Formula. The postulated molecular 3:

tormulas can be classified into eight groups: monofluoroalkyl
carboxylic acids (MFCAs), trifluoroalkyl carboxylic acids

(TrFCAs), tetrafluoroalkyl carboxylic acids (TeFCAs), penta- 3s:

fluorodecanoic acid (PeFDA), hexafluorodecanoic acid
(HFCA), monofluoroalkyl ether carboxylic acids (MFECA),

trifluoroalkyl ether carboxylic acids (TrFECAs), and polyfluor- 3

ocalkyl sulfonate (PoFAS). Structures of these molecular
tormulas are presented in Table S.8.

The monofluoroalkyl carboxylic acids (C,FH,,;0,) 3

molecular formulas consisted of six carbon lengths (Cs—Cyp).
Retention time differences for the parent ion were not

significant (within 0.1 min) among the three samples for the :

majority of molecular formulas (Table 5.7). The current
analytical method typically generates a [M — CO,]” fragment

in the low and high energy channels for the linear :

perfluoroalkyl carboxylic acids. The [M — CO,]” fragment
tor C,FH,,0,” was observed at same retention time in the low
energy channel in replicate samples confirming the presence of
a carboxyl groups. However, carboxyl group for other molecular

tormulas was not observed in all triplicate injections for :

CFH0,”, C,FH,,0, , and C¢FH,0,7, and it was only
present in triplicate injections for CoFH, 0, and C,,FH 4O,".

5-Fluoropentanoic acid from this class of compounds was 372

commercially available, and purchased from Enamine Ltd.
(Kyiv, Ukraine). The standard spectrum of this compound is

shown in Figire 5.6. [M — H]™ and [M — F — H]™ were the :

major fragments and compared well with the candidate
identified in lake trout shown in Tabile $.6. The profile relative

intensities (normalized by [M — H]™ and retention time of the :
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neat standard differed by less than 2 standard deviations,
respectively, from the mean of the candidate identified in the
three trout extractions.

Monofluorinated fatty acids have been observed in South
Africa plants but are rare in nature and significantly larger than
the chain lengths observed here suggesting an alternative source
to the lake trout.”

Trifluoroalkyl carboxylic acids (C,F;H,, ;0,) were identi-
fied for seven trifluorinated carbon chain lengths (C,—Cyp).
The [M — CO,]” ion was present at same retention time in the
low and high energy channels for the majority of molecular
tormulas. The proposed C,F;H,0,” and C;F;H O,  isomers
do not display an increasing retention time vs log K, trend
(Figure 8.3) suggesting assigned molecular formulas of these
masses should be viewed with caution. The remaining (Cy—
C1o) TrFCAs follow the expected ascending trend of retention
time vs log K,, consistent with an increasing carbon
homologue distribution. The only commercially available
compound from this class was 4,4 4-trifluorobutanocic acid,
which was purchased from Sigma-Aldrich (St. Louis, MO). The
spectrum of this species is shown in Figure 5.7. [M — H]™ and
[M — F — H]™ are the primary fragments, with lesser
contributions from [M — F, — H,]” and [M — F; — H,]".
Unlike the species isolated in the lake trout, [M — CO,]” was a
very minor component of the standard spectrum. The
differences in spectral profiles suggest the candidate and

; standard may have different (possibly isobutyl) molecular

conformations even though the retention time observed for the
standard was within two standard deviations of the triplicate
extraction mean. The current method was not optimized for
these classes of compounds and coelution of conformational
isomers is not unexpected.

Two species (Cy and C,o) of tetrafluoroalkyl carboxylic
acids (C,F,H,, ,0,) were detected. The [M — CQO,]” ion was
not observed and this class of molecular formula was not
present in all of the replicate extractions. For example,
CyF,H30,” was not present in all of the triplicate injections
of sample C, and C(F,Hs0,” was present in all triplicate
injections of sample B. These features were detected at low
levels and the absence of the Cy; and C;y in a replicate
extraction may be due to detection limitations for this chemical
formula. An alternative configuration may be the —C(CO,)F—
conformation or fluorine saturated carbons adjacent to the
carboxyl group, analogous to chlorinated and nonchlorinated
polyfluorinated ether sulfonates.”” Liu et al'® observed a
CyF,H,S0;™ peak in Chinese wastewater and postulated a
stracture resulting from repeating —CF, CH,—, or —CHF—
subunits employed in metal siding and chemical processing
equipment. It is possible that this class of molecular formula is
formed in a similar way.™

One pentafluorodecanoic acid (C,,F{H,,0,) was detected.
Although the molecular ion was present in all samples, the [M
— CQ,]” ion was only observed in the low energy channel of
sample C. Again, sensitivity issues may limit the detection of
this chemical formula or this mass spectral feature may be an
anomaly in this extraction.

One hexafluorodecanoic acid (C,,FH,;,0,) was detected.
The C,(FH,;0,” candidate was only present in sample B.
Similar to the tetrafluoroalkyl carboxylic acids, the conforma-
tion of this class of molecular formula may consist of fluorine
saturated carbons adjacent to an ether or carboxyl group.
Alternatively, the industrial blend Zonyl FSN (Dupont) was
recently found to contain a series of polyfluoroalkyl ethoxylates,

F(CFz)x(CHZCHZO)y with x and y values up to 18 and 50,
respectively, and half-lives greater than 48 days for the shorter
chain analogues.” The C, and C,, homologous for the
tetrafluoroalkyl carboxylic acids and hexafluorodecanoic acid
could be the result of oxidation of the ethoxylate through
environmental or metabolic processes. However, the con-
formation presented by Fromel and Knepper’ does not
include partially fluorinated alkyl chains with greater than two
methylene groups suggesting a repeating —(CF,),(CH,),~.
Regardless, the similar carbon chain length (Cy and Cy,) for the
F4 and F6 acids indicates similar feedstocks and sources.
Alkylphenol ethoxylates have been widely used as surface
tension modifiers, with the nonylphenol being the dominant
species observed in environmental samples.”® The Cy and Cy,
tetra- and hexafluoroethoxylate would likely have similar, if not
enhanced, surface modifying properties and bioaccumulation
potential as the nonylphenol ethoxylates.””" Once oxidized,
this form would have a hybrid, free fatty acid/perfluorocalkyl
acid activity in biota.

The monofluoroalkyl (C,FH,,;0;) and trifluoroalkyl
ether carboxylic acids (C,F,H,,,0;) contained six (Cs—
Cy,) and five molecalar formulas, respectively. The [M —
CO,]™ fragment was observed for most of the identified peaks
in these classes within the 0.1 min retention time window for
both the low and high energy channels. C,FH,O;™ was not
present in all injections of samples A and B, but the CgFH,,0;”
and C,(FH,;O;™ homologues exhibited the least retention time
variance among samples.

The polyfluoroalkyl sulfonates (CCFfHZC_ﬁzSOQ include
C¢F,H,;80;™ and CFH,SO,™. An apparent [M — SO;]—
fragment of CgF,H,;S0;” was detectable in the low energy
channel in samples A and B. The loss of SO;™ was not observed
tor the linear perfluorinated sulfonates suggesting a nonlinear
conformation or the presence of an ether subunit. Ruan et al.*”
observed the loss of a C,F,SO;” fragment of 8:2 CI-PFAES
(chlorinated polyfluorinated ether sulfonate) using a triple
quadrupole. The even number of fluorine atoms in these
molecules may indicate an alternating —(CFZ)X(CHZ)),— alkyl
configuration in conjunction with ether sulfonate moieties.

Although the linear configuration was assumed when
calculating candidate log K., a variety of isomers may be
present, identified, or coelute in the LC gradient. In Figurs 2,
there appears to be 2—3 resolved isomers for C,,F;H;,0;”
identified in the triplicate extraction. In samples A, B, and C,
the two highest intensity peaks elute around 2.10—2.2 min and
2.98-2.99 min, respectively. In the LC gradient used, branched
isomers typically elute before the linear form and it is well
documented that the linear perfluoroalkyl isomers dominate the
isomeric signature in biota." Extrapolating this to the isomeric
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484
485
486
487
488
489
490
491

pattern observed for C, F;H;;0;” suggests the detection of 492

branched and linear isomers having this molecular formula in
lake trout.

Except for the low molecular weight trifluoroalkyl carboxylic
acids in samples A and C, most of the candidate chemical
tormulas showed a positive log K, /retention time relationship
expected in a reverse phase liquid chromatographic system. The
average relative standard deviation (RSD) of the intensities
from triplicate injections of the triplicate extractions was 19%
for all species detected (ranging 3.0% and 47% for C;F;HO,”

and C(FiH O, respectively). This value is within expected s

errors associated with replicate extractions, suggesting the
observed intensities were not spurious signals within a run.
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Figure 3. Comparison of mean relative intensities of identified compounds to PFOS for Sample A. Color bars: orange, monofluoroalkyl carboxylic
acids; green, trifluoroalkyl carboxylic acids; black, tetrafluoroalkyl carboxylic acids; blue, pentafluorodecanoic acid; yellow, hexafluorodecanoic acid;
red, monofluorcalkyl ether carboxylic acids; purple, trifluoroalkyl ether carboxylic acids; turquoise, polyfluoroalkyl sulfonate.

In general, relative intensities within a compound class
increased with carbon number with the maximum intensities
typically found for the C; and Cy; carbon lengths (Figuves 3
and 5.4). The intensities of these peaks were the same order of
magnitude as PFOS, suggesting these compounds are present at
significant levels in lake trout. Increasing intensity with chain
length and K, (Table $.7, Figere S.4) also suggest
physicochemical properties govern the bioaccumulation of
these chemicals in the lake trout.

The majority of the molecular formulas identified may be
associated with recent manufacturing activities and emitted to
the environment in industrial streams or may be byproducts of
the transition from long chain perfluorinated chemicals to
polyfluorinated ethers, ethoxylates, and sulfonate ethers.
Alternatively, these chemical formulas may be byproducts or
impurities of other fluorinated products. Synthesizing neat
standards to confirm the presence of these chemical formulas
would be the next step but is only possible because the
algorithm has effectively identified several species out of the
thousands of possible compounds.

B METHOD IMPLICATIONS

Monitoring programs like GLFMSP are increasingly tasked
with identifying the next chemicals of concern. This new
direction must not, however, sacrifice current targeted chemical
monitoring. Fortunately, newly available scanning high
resolution mass spectrometers, such as the Waters Xevo G2
QToF employed in this study, allow for full scan, accurate mass
measurements, with the linear ranges and sensitivities sufficient

3 to quantify “monitored” compounds (PFAAs and PFASs) at

environmentally relevant levels.” The method qualified here
illustrates the added wvalue of archiving the full scan data
generated by targeted analyses methods. The screening

7 workflow presented was developed using a readily available

format managing program, open source file conversion
software, and MATLAB scripts, allowing for the universal
application of this type of analyses to full scan accurate mass

data. Initiating the method requires generating a candidate
compound list and converting high-resolution mass spectral

541
542

data. With some forethought on the compound classes of s43

interest, boundary conditions can be set based on the analytical

544

methodology used, and may allow for the identification of s4s

alternative conformations such as rings, units of unsaturation,
and mixed halogenated signatures (including Cl, Br). Source-
type studies’” ™" can be used to frame the boundary
conditions (candidate structaral framework), without limiting

candidate subsets with nontraditional structural conformations. s:

As long as the isotopic profiles of the compounds of interest
can be calculated, this algorithm can be used. In some cases,
molecular ions are not detectable, and the current searching
algorithm could be adapted with additional modules incorpo-
rating known neutral loss fragmentation patterns.

The use of archived data files mitigates costly tissue re- s

extractions and instrument time through the generation of a
database of potential unknowns, including undiscovered

546

557
558

chemicals of concern that can be mined using this type of ss9

algorithm. Injection and recovery standards applied in the
targeted analysis provide retention time, mass accuracy, and

reproducibility references for each data file. Known sample-to- s

sample variability in measurement accuracy, reference param-

563

eters to assess physicochemical properties (log K,,) of se4

identified species, and reproducibility among replicate
injections and extractions provides a comprehensive qualifica-
tion workflow to sort through real and spurious spectral
teatures.

In this stady, 30 out of a possible 3570 polyfluoroalkyl
candidate compounds were observed in lake trout from Lake
Michigan, and, of these, only two were available commercially.
Each compound matched their theoretical isotope model with a
small error (5% absolute intensity error). In addition to isotopic
profile, most of the carboxylated candidates had the [M —

CQO,]” ion present in the low energy channel of the same scan s

and the closest scan of the high energy channel. In specific
cases, the absence of the [M — CQ,]” fragment may suggest a
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different conformation. The above parameters were observed in
three replicate extractions (triplicate injection) of a lake trout
collected from Lake Michigan. This workflow can be easily
expanded to other candidate lists, ionization modes, and
fragmentation sequences,” affording a cost-effective means to
catalog the chemical fingerprints of Great Lakes trout without
additional analyses that deplete finite sample tissue stores and
add the expense of additional extraction.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ALS Publications website at DOL 101021 /acs.est. 6501349,
Brief description of the sample preparation and
instrumental methods, table outlining the composition
of the candidate matrix, illustration of the rectangular
window method, calculated pK.s for identified molecular
tormulas, calibration results table and figure for PFAA
analysis, retention time vs log K, plots for per- and
polyfluorinated compounds identified, plots illustrating
the amount of each identified molecular formula relative
to PFOS, and a file containing the MATLAB code and an
example of resalts used in this manuscript (Z1F)
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